ABSTRACT: Glucose-stimulated insulin secretion from pancreatic β-cells within islets of Langerhans plays a critical role in maintaining glucose homeostasis. Although this process is essential for maintaining euglycemia, the underlying intracellular mechanisms that control it are still unclear. To allow simultaneous correlation between intracellular signal transduction events and extracellular secretion, an analytical system was developed that integrates fluorescence imaging of intracellular probes with high-speed automated insulin immunoassays. As a demonstration of the system, intracellular [Ca 2+ ] ([Ca   2+ ] i ) was measured by imaging Fura-2 fluorescence simultaneously with insulin secretion from islets exposed to elevated glucose levels. Both [Ca 2+ ] i and insulin were oscillatory during application of 10 mM glucose with temporal and quantitative profiles similar to what has been observed elsewhere. In previous work, sinusoidal glucose levels have been used to test the entrainment of islets while monitoring either [Ca 2+ ] i or insulin levels; using this newly developed system, we show unambiguously that oscillations of both [Ca 2+ ] i and insulin release are entrained to oscillatory glucose levels and that the temporal correlation of these are maintained throughout the experiment. It is expected that the developed analytical system can be expanded to investigate a number of other intracellular messengers in islets or other stimulus-secretion pathways in different cells.
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A lthough the central role of insulin secretion in glucose homeostasis was well established several decades ago, the fundamental mechanisms involved in its control are still incompletely understood. The triggering pathway of glucose stimulated insulin secretion (GSIS) has been well characterized 1,2 and involves production of ATP through metabolism of the sugar leading to closure of K + ATP channels. In turn, this depolarizes the cell membrane, opening L-type Ca 2+ channels and producing an increase in intracellular [Ca 2+ ] ([Ca 2+ ] i ). As a result, insulin is secreted from the cell. However, this mechanism cannot fully explain all observations of GSIS. 1, 2 For example, glucose has been shown to increase insulin secretion independent of its action on K + ATP channels. 3, 4 This pathway, known as the amplifying pathway, does not involve a further increase in [Ca 2+ ] i but, instead, amplifies the efficacy of the elevated [Ca 2+ ] i on the exocytosis of insulin granules. Although this pathway has been proposed, the mechanism by which it works remains incompletely identified and is thought to involve secondary messengers generated during glucose metabolism. 1, 2, 5, 6 To better understand the various stimulussecretion coupling mechanisms that occur during GSIS, it would be ideal to have an automated system that can simultaneously monitor insulin secretion with intracellular messengers at high temporal resolution.
There ] i measurements have been combined with enzyme-linked immunosorbent assays (ELISA) or radioimmunoassays (RIA). 7−9 However, ELISA and RIA are timeconsuming and laborious, both of which become exaggerated if high time resolution is required. It would be more ideal if the secretion measurements could be automated and integrated with measurements of intracellular signals.
Recently, microfluidic electrophoretic immunoassays have been used to monitor insulin secretion in an automated fashion with high temporal resolution. 10−14 However, these assays have not been combined with simultaneous measurement of intracellular factors. In this work, a dual fluorescence detection system is described that enables high time resolution imaging of intracellular fluorescent probes simultaneously with measurement of extracellular release. The methodology developed is general and can be expanded to include measurement of other intracellular messengers by changing the fluorescent sensors used. It could also be applied to study the stimulus-secretion coupling of other peptide hormones released from islets or readily applied to other cell types with changes to the assay conditions.
■ EXPERIMENTAL SECTION
Materials and Experimental Protocol. The materials and reagents, fabrication procedure of the microfluidic device, islet procurement, perfusion system, and data analysis are described in the Supporting Information.
Dual Fluorescence Detection System. The dual fluorescence detection system consisted of a fluorescence imaging system and a laser-induced fluorescence (LIF) system. For fluorescence imaging, a Xenon arc lamp with shutter and filter wheel containing appropriate excitation filters (482 ± 35 nm for fluorescein; 340 ± 5 and 380 ± 5 nm for Fura-2 or Fura-PE3) was used as the excitation source (Lambda XL, Sutter Instruments, Novato, CA). The excitation light was delivered via a liquid light guide to a collimator (CeramOptec, East Longmeadow, MA) and then onto a kinematic dichroic filter cube (Thorlabs, Inc., Newton, NJ). The filter cube had excitation, emission, and dichroic filter slots. For imaging of Fura-2 or Fura-PE3, a 1.0 neutral density filter and a 510 ± 84 nm filter (Semrock, Rochester, NY) were placed in the excitation and emission filter slots, respectively, in combination with a 409 nm dichroic mirror. For fluorescein, a 506 nm dichroic mirror and a 536 ± 40 nm emission filter (Semrock) were used. The excitation light was focused within the islet chamber using a 10×, 0.5 NA infinity-corrected CFI S Fluor objective (Nikon Instruments, Inc., Melville, NY). Emission light was collected with the same objective, passed through the dichroic filter cube and emission filter, and collected with a CMOS camera (QImaging, Surrey, BC, Canada).
For LIF detection of the immunoassay, light from a 100 mW, 635 nm laser (AixiZ, Houston, TX) was passed through a neutral density filter wheel and an iris that were mounted in front of a kinematic dichroic filter cube that held a 405/488/ 561/635 nm dichroic mirror (Semrock). The light was then directed to the back of a 40×, 0.6 NA objective (Nikon Instruments, Inc.). Emission was collected with the same objective and reflected back through the dichroic cube, spatial filter, 446/523/600/677 nm emission filter (Semrock), and a linear polarizer before being detected by a PMT (Hamamatsu Photonics, Middlesex, NJ). A photometer (Photon Technology International, Inc., Birmingham, NJ) housed the spatial filter, emission filter, polarizer, and PMT.
Fluorescence images were acquired with a 100 ms exposure every 10 s. The timing of the images and Sutter lamp system were controlled by Nikon NIS Elements software (Nikon Instruments, Inc.). The LIF data collection was performed using software written in LabView (National Instruments, Austin, TX).
Insulin Immunoassay Protocol. Microfluidic devices were conditioned daily for 10 min with 1 M NaOH, deionized water, and immunoassay reagents prior to experiments. At the end of the day, the devices were conditioned with deionized water for short-term storage or an additional 1 M NaOH and water for long-term storage. All reservoirs were covered with plastic caps, and electrodes were inserted into the plastic caps for application of voltages.
For all experiments, 150 nM Cy5-labeled insulin (Ins*) and 150 nM monoclonal anti-insulin (Ab) were used in the device and were prepared daily in a buffer containing 25 mM tricine, 1 mM EDTA, and 40 mM NaCl at pH 7.4, supplemented with 1 mg mL −1 BSA and 0.1% Tween-20. Gate and waste reservoirs contained 150 mM tricine and 20 mM NaCl with pH adjusted to 7.4. During the experiments, the Ins*, Ab, and islet reservoirs were grounded and −5000 V was applied to the waste reservoir with a high voltage power supply (UltraVolt, Inc., South Thief River Falls, MN). A flow-gated injection scheme was used to inject sample into the separation channel using a high voltage relay (Gigavac, Carpinteria, CA). 15 For calibration curves, 0− 1500 nM insulin prepared in balanced salt solution was perfused into the islet reservoir and the ratio of bound (B) and free (F) Ins* (B/F) was monitored. Throughout the text, the concentrations of immunoassay reagents are referred to as the concentration in the fully mixed state, which assumes a 3-fold dilution of the concentrations in the microfluidic reservoirs.
Simultaneous Measurement of [Ca 2+ ] i and Insulin Secretion. Prior to islet experiments, 2.0 μL of 2.5 mM Fura-2 or Fura-PE3 acetoxymethyl ester in 1:1 (v/v) DMSO/Pluronic Figure 1 . Schematic diagram of the dual detection system. The fluorescence imaging system consisted of: 1, xenon lamp; 2, filter wheel; 3, shutter; 4, collimator; 5, neutral density filter; 6, 409 nm dichroic mirror; 7, dichroic filter cube; 8, dielectric turning mirror; 9, cage plate; 10, 10× objective; 11, 510 ± 84 nm emission filter; 12, CMOS camera; 13 F-127 solution was added into 2 mL of RPMI 1640 with 11 mM glucose and L-glutamine. Islets were incubated in this solution for 40 min at 37°C and 5% CO 2 . After this time, islets were loaded into the islet chamber on the microfluidic device with the perfusion flow off. After loading, the perfusion flow was resumed and islets were rinsed with 3 mM glucose for 5 min prior to measurements. The ratio of fluorescence intensities excited at 340 and 380 nm (F340/F380) was converted to [Ca 2+ ] i using calcium standards (Thermo Fisher Scientific, Inc.). The B/F from the insulin immunoassay data was analyzed and converted to secretion rate as described in the Supporting Information. To maintain the islet chamber at a physiological temperature and maintain a light path for fluorescence imaging under the islet chamber, two thermofoil heaters (Omega Engineering Inc., Stamford, CT) were taped in parallel under the islet reservoir with a 1 mm gap between the two heaters aligned with the islet chamber. A thermocouple was placed adjacent to the islet reservoir on top of the device, and a controller (Omega Engineering) was used to maintain the temperature in the islet chamber at 36.5 ± 0.5°C.
■ RESULTS AND DISCUSSION
In this work, a dual fluorescence detection system was developed that allows simultaneous imaging of intracellular probes with insulin secretion measurements from single islets. Since [Ca 2+ ] i plays a significant role in GSIS, it was used to demonstrate the ability of the developed system to simultaneously monitor intracellular events with insulin secretion.
Development of a Dual Detection System and Chip Design. A common method for coupling LIF detection for measurement of insulin immunoassays uses inverted fluorescence microscopes. 10−14 To facilitate both detection systems, a dual and inverted fluorescence detection system was constructed using a 30 mm cage assembly (Figure 1) .
The microfluidic design previously used for automated insulin immunoassays 13 was modified so that the distance between the islet chamber and LIF detection point approximately matched the distance between the objectives on the dual fluorescence system (∼48 × 15 mm). To allow flexibility in the positioning of the microfluidic chip and the location of the excitation sources, the LIF detection system was fixed to the table. A rigid stand insert holder was used to hold the microfluidic system on an X−Y positioner above the LIF system. This allowed X−Y movement of the microfluidic device with respect to the LIF system. The 40× LIF objective was mounted onto a Z-axis translation stage, which allowed focusing of the laser light into the detection channel of the separation system.
In contrast to the fixed LIF system, the entirety of the fluorescence imaging system was fixed to an X−Y positioner, allowing translational movement of this system with respect to the islet chamber. A Z-axis translational stage was incorporated with the 10× imaging objective to enable focusing of the fluorescence imaging system. A CMOS camera was used to allow spatially resolved imaging, but a PMT could be used if desired.
For experiments, the microfluidic device was first moved using the top X−Y positioner such that the LIF system was aligned with the detection spot in the separation channel as viewed through the photometer. The fluorescence imaging system was then moved until the islet chamber was in view, at which point the positioning was stopped and the image was focused. To reduce vibrations, blank cage plates and damped posts were used throughout the system.
Characterization of the Microfluidic System. To correlate intracellular events with secretion, glucose was delivered to the islet chamber while [Ca 2+ ] i was imaged and insulin immunoassays were measured. The microfluidic device design is shown in Figure 2A with the islet chamber indicated by the blue # symbol and the LIF detection point indicated by the red * symbol. Due to the difference in locations of these detection points, the times for changes in [Ca 2+ ] i and insulin had to be correlated. The delay times for each of these points were characterized and used to correct the [Ca 2+ ] i and insulin secretion profiles.
The perfusion flow rate was calculated by filling one of the syringes in the perfusion system with fluorescein and measuring the time for fluorescein to travel to the corner before the islet chamber (indicated by the blue & symbol in Figure 2A ) upon a change in the syringe height. The measured fluorescence intensity is shown in the blue trace in Figure 2B (left y-axis), and the step changes in the syringe are shown in the black trace (right y-axis). The average delay time of three steps was measured as 33.1 ± 0.4 s, which equated to a volumetric flow rate of 0.21 ± 0.01 μL min −1 in the perfusion channel. This flow rate resulted in a delay time of 46.5 ± 0.5 s to the islet chamber, which was used to correct the time delay of the [Ca 2+ ] i profile. The delay time for each microfluidic device used over the course of the experiments was measured and ranged from 45 to 48 s.
The other delay time was for the insulin system, which included the perfusion delay time in addition to the time required for the secreted insulin to be sampled, mixed with immunoassay reagents, and separated before being detected at the separation detection point. In a similar fashion as described for the perfusion system, step changes of insulin ( Figure 2B , black trace, right y-axis) were perfused to the islet chamber and the changes in B/F of the insulin immunoassay were monitored ( Figure 2B , red trace, left y-axis). As expected, the B/F decreased for higher concentrations of insulin. The lag time was measured for each device (ranged from 3 to 4 min) and was used to correct all insulin secretion data.
From this trace of insulin perfusion, other system parameters could also be extracted. When insulin concentrations were perfused, the B/F reached a new plateau in 8 data points (∼80 s response time) and stabilized with RSDs ranging from 2% to 5%. The average B/F was calculated for each insulin concentration, and the resulting calibration curve is shown in Figure S-1 . The detection limit was calculated to be 10 nM which enabled the measurement of insulin secretion from single islets at basal and stimulated glucose concentrations.
[Ca 2+ ] i Imaging and Insulin Secretion. The first test of the dual detection system was to monitor [Ca 2+ ] i and insulin secretion simultaneously from a single islet under elevated glucose conditions. Figure 3A shows an islet within the islet chamber of the microfluidic device. The perfusion and electroosmotic flow (EOF) channels, used to deliver glucose and to sample insulin, respectively, are highlighted. Figure 3B shows a representative example of the time-corrected [Ca 2+ ] i and insulin secretion profiles measured from a single islet when a step change of glucose from 3 to 10 mM was delivered. A triphasic response in [Ca 2+ ] i was observed, consisting of an initial decrease (phase 0), followed by a rapid increase to a sustained elevation (phase 1), and finally regular oscillations (phase 2). Insulin secretion showed a similar pattern with the exception of phase 0, which is likely due to the low [ Application of Oscillatory Glucose Levels to Islets. In the past, we and others have examined the ability of glucose oscillations to entrain [Ca 2+ ] i and insulin oscillations. 13,17−21 Entrainment is defined here as the shifting of the period of the [Ca 2+ ] i or insulin oscillations to the period, or integer multiples of the period, of the external glucose signal. In most cases, these experiments have been used to test the hypothesis that an in vivo negative feedback loop may be responsible for synchronizing insulin secretion from multiple islets in the pancreas. 13, 17, 18, 20, 21 In these experiments, either [Ca 2+ ] i or insulin was measured, but never simultaneously, leading to a lack of direct evidence for simultaneous entrainment. To study their correlation directly, we applied small amplitude glucose oscillations to single islets and used the dual detection system to monitor [Ca 2+ ] i and insulin secretion simultaneously. Figure 4A details an experimental procedure where the glucose concentration was increased from 3 to 10 mM for 25 min, inducing [Ca 2+ ] i and insulin oscillations. At 30 min, the glucose concentration was made to oscillate with an amplitude of 2 mM and a period of 5 min. After 20 min, the phase of the glucose oscillations was shifted 180°in an attempt to disrupt the entrainment if it existed. To determine if the islets were entrained, the phase angles between each oscillation of [Ca 2+ ] i (blue) or insulin (red) and glucose was measured ( Figure 4B ) as described in the Supporting Information. 13, 17, 20 Entrainment is indicated by the phase angles converging to a similar value. Typically, if the spread is <45°, it indicates entrainment. 13, 17, 20 As shown in Figure 4B , during the initial period of glucose oscillations (blue and red squares), the angles converged within a ∼30°spread. After application of the phase shift (blue and red triangles), the phase angles again converged to a small spread, with the exception of the first two oscillations (labeled as 1 and 2 in Figure 4B ), which has also been noted in past reports. 17, 20 The results of all tested islets (n = 8) showed that, upon application of glucose sinusoidal waves, both [Ca 2+ ] i and insulin were entrained to the forcing period of sinusoidal glucose wave with amplitudes of 2 and 1 mM. This is a direct demonstration that [Ca 2+ ] i and insulin oscillations maintain their temporal relationship during exposure to oscillatory glucose levels.
As seen in Figure 4A , during the oscillatory glucose delivery, the amplitude of the insulin levels increased whereas those of [Ca 2+ ] i did not. This effect was observed in 7/8 islets that were entrained to oscillatory glucose levels. Elevated insulin levels without a corresponding increase in the amplitude of [ ] i peak area due to the rising baseline when using Fura-2. By using Fura-PE3, the baseline was more constant and 3/3 islets showed corresponding increases in ] i and insulin secretion from a single islet. (A) Shown is a murine islet of Langerhans situated within the microfluidic device. The perfusion channel was used to deliver glucose to the islet, while the EOF channel was used to sample insulin secretion. (B) The [Ca 2+ ] i measured from an islet using Fura-2 is shown in blue and corresponds to the left y-axis; the insulin secretion rate is shown in red and corresponds to the right y-axis, and the delivered glucose concentration is shown in green with the concentrations (in mM) indicated on top.
[Ca 2+ ] i oscillation peak area but not the height, during exposure to oscillatory glucose levels (see Figure S -2 for an example).
As mentioned, this lack of correlation between [Ca 2+ ] i and insulin peak amplitudes is attributed to the amplifying pathway of GSIS. In the results shown here, the average extracellular glucose level remains constant with only the instantaneous glucose level changing. This points to a potentially significant role for small amplitude glucose oscillations in vivo amplifying insulin release from the pancreas.
■ CONCLUSION
A dual detection system consisting of fluorescence imaging and LIF detection was developed to simultaneously monitor intracellular events and extracellular secretion from single islets of Langerhans. Although [Ca 2+ ] i is shown here, the method is applicable to other intracellular messengers involved in GSIS using different fluorescent probes. For example, different fluorescent sensors have been used to measure the activity of pyruvate kinase, 22 cyclic AMP, 23 the ATP/ADP ratio, 24 and mitochondrial membrane potential. 19 Since stimulus-secretion coupling involves multiple messengers and interactions between these messengers, a system that has the ability to measure several of these simultaneously with insulin secretion is expected to be a valuable tool in the study of GSIS. Also, with changes to the immunoassay reagents, the developed system can be applied to study stimulus-secretion coupling from other cell types.
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